Deubiquitinating enzymes (DUBs) are responsible for removing ubiquitin (Ub) from its protein conjugates. DUBs have been implicated as attractive therapeutic targets in the treatment of viral diseases, neurodegenerative disorders and cancer. The lack of selective chemical tools for the exploration of these enzymes significantly impairs the determination of their roles in both normal and pathological states. Commercially available fluorogenic substrates are based on the C-terminal Ub motif or contain Ub coupled to a fluorophore (Z-LRGG-AMC, Ub-AMC); therefore, these substrates suffer from lack of selectivity. By using a hybrid combinatorial substrate library (HyCoSuL) and a defined P2 library containing a wide variety of nonproteinogenic amino acids, we established a full substrate specificity profile for two DUBs-MERS PLpro and human UCH-L3. Based on these results, we designed and synthesized Ub-based substrates and activity-based probes (ABPs) containing selected unnatural amino acids located in the C-terminal Ub motif. Biochemical analysis and cell-based experiments confirmed the activity and selectivity of engineered Ub-based substrates and probes. Using this approach, we propose that for any protease that recognizes Ub and Ub-like substrates, a highly active and selective unnatural substrate or probe can be engineered.
Introduction
Ubiquitin (Ub) conjugation is one of the most important posttranslational modifications and influences the activity, protein-protein interactions, localization and stability of many proteins [1] . Attachment of Ub to protein substrates is a covalent modification mediated by the E1, E2 and E3 enzymes. However, due to the activity of deubiquitinating enzymes (DUBs), this modification is reversible. DUBs hydrolyze the isopeptide bond between the C-terminal glycine of Ub and its substrate or between Ubs in poly-Ub chains with various topologies [2] . The human genome encodes approximately 100 DUBs divided into six subclasses based on sequence similarity and mechanism of action. The majority of DUBs (five of the six subclasses) are cysteine proteases, and only one subclass is represented by a small group of metalloproteases. The largest and most structurally diverse subclass of DUBs are Ub-specific proteases (USPs). These enzymes can hydrolyze a peptide/isopeptide bond between the C-terminus of Ub and its substrate, as well as within the poly-Ub Since DUBs are highly specific toward Ub, the most commonly used DUB assay reagents are based on Ub with a C-terminal fluorogenic group (Ub-ACC [6], Ub-AMC [7] , Ub-rhodamine [8] ) or an electrophilic warhead (Ub-CHO, Ub-VS, Ubvinyl methyl ester (VME) [9] [10] [11] [12] ). Application of these chemical tools in biological studies has led to a better understanding of the mechanisms of action of many DUBs.
Ub with a C-terminal aldehyde group has been frequently used in crystallographic studies of DUBs [13] . Development of Ub-based probes by introducing a detection tag on the N-terminus and a reactive group on the C-terminus of Ub enabled labeling of DUBs in cell lysates and their detection via Western blot analysis. Ub-based probes are powerful tools for characterizing the activity of DUBs, identifying new DUBs, evaluating the selectivity of DUB inhibitors, and determining the functional roles of DUBs in normal and pathological states [12, 14] . However, the use of monoUb probes precluded studies of DUB activity and linkage specificity. To overcome this limitation, di-Ub probes were developed [15, 16] . Studies with di-Ub probes revealed differences between the S1-S1' and S1-S2 selectivity of enzymes from the OTU subclass [17] , as well as the Lys48 linkage specificity of SARS PLpro [18, 19] .
Despite the wide utility of broad-spectrum DUB substrates and probes in biochemical assays, selective chemical tools to study a single DUB (or a narrow subset of DUBs) are needed. Recently, the Ovaa group developed Ub-based probes selective toward USP7 [20] and USP16 [21] by combining structural analysis, modeling and mutational predictions. Selectivity can also be achieved by modifying the Ub C-terminal conserved LRGG motif [22] . Determination of DUB substrate preferences in the P4-P2 positions using the positional scanning substrate combinatorial library (PS-SCL) approach revealed that DUBs can recognize amino acids other than the canonical LRG in these positions. Furthermore, this study shows that a Ub mutant with Cterminal extension, in which glycine in the P2 position was replaced by valine, was cleaved by UCH-L3 20-50-fold less efficiently than its wild-type analog [22] . However, this mutation provided selectivity, as the mutant was not recognized by another tested DUB USP5 (IsoT). In the present study, to further improve Ub mutant selectivity, as well as DUB activity, we decided to utilize unnatural amino acids. A similar approach was successfully applied to design selective substrates and activitybased probes (ABPs) for cysteine [23, 24] , serine [25] and threonine proteases [26] as short peptide sequences but never incorporated into whole substrate proteins, such as Ub.
In this work, we developed active and selective chemical tools based on Ub scaffolds for DUB investigation by incorporating unnatural amino acids into the conserved C-terminal Ub motif. We selected two DUBs, namely, UCH-L3 and MERS PLpro, to validate our chemical approach. These enzymes represent potential therapeutic targets in drug design [4, 27, 28] . First, we determined full substrate specificity profiles of the selected DUBs at the P4-P2 positions using defined and hybrid combinatorial libraries of tetrapeptide fluorogenic substrates. Substrate preference analysis allowed us to extract key amino acids that could serve as selectivity-providing motifs in Ub-based substrates and ABPs. The designed tetrapeptide fluorogenic substrates containing unnatural amino acids were selective toward UCH-L3 and MERS PLpro but still not efficiently hydrolyzed. To overcome this obstacle, we synthesized Ub derivatives containing a C-terminal epitope substituted with selected unnatural peptide sequences instead of a canonical LRGG motif.
Substrates and covalent probes were obtained by conjugation of the fluorescent label (ACC) or Michael-acceptor warhead (VME), respectively (Figure 1) . Kinetic analysis revealed that the designed substrates were more efficiently hydrolyzed than the reference "wild-type" substrate Ub-ACC. Moreover, the substrates exhibited high selectivity toward UCH-L3 and MERS PLpro. The selectivity of the Ub-based probe was evaluated using purified recombinant DUBs and cell lysates. The results of these studies revealed that engineered B-U1-VME and B-U2-VME probes detected UCH-L3 in cell lysates with high selectivity. With this proof of concept, we propose that this approach can be successfully applied in the design of Ub-based selective chemical tools for other proteases that recognize Ub and Ub-like substrates. 
Materials and Methods

Reagents
All chemical reagents were obtained from commercial suppliers and used without further purification. The reagents used for the solid-phase peptide synthesis (SPPS) were as follows: Rink Amide (RA) resin (particle size 100-200 mesh, loading 0.74 mmol/g), 2-chlorotrityl chloride resin (particle size 100-200 mesh, loading 0.97 mmol/g), all Fmoc-amino acids, O-benzotriazole-N,N,N`,N`-tetramethyl-uronium- Waters M2489 detector system using a semipreparative Wide Pore C8 Discovery column and Jupiter 10 µm C4 300 Å column (250 x 10 mm). The solvent composition was as follows: phase A (water/0.1% TFA) and phase B (acetonitrile/0.1% TFA). The purity of each compound was confirmed with an analytical HPLC system using a Jupiter 10 µm C4 300 Å column (250 x 4.6 mm). The solvent composition was as follows: phase A (water/0.1% TFA) and phase B (acetonitrile/0.1% TFA); gradient, from 5% B to 95% B over a period of 15 or 20 min. The molecular weight of each substrate and ABP was confirmed by high-resolution mass spectrometry on a HighResolution Mass Spectrometer Waters LCT premier XE with electrospray ionization (ESI) and a time-of-flight (TOF) module.
Combinatorial substrate library synthesis
A combinatorial tetrapeptide fluorogenic substrate library was synthesized on a solid support according to published protocols [29, 30] . The library consisted of two tetrapeptide sublibraries. Each of the sublibraries was synthesized separately, and the general synthetic procedure is described for the P3 sublibrary as an example. In the first step, Fmoc-ACC-OH (25 mmol, 2.5 eq) was attached to the RA resin (13.5 g) using coupling reagents: HOBt (25 mmol, 2.5 eq) and DICI (25 mmol, 2.5 eq) in DMF.
After 24 h, the Fmoc protecting group was removed with 20% piperidine in DMF. In the next step, Fmoc-Gly-OH (25 mmol, 2.5 eq) was coupled using HATU (25 mmol, 2.5 eq) and 2,4,6-collidine (25 mmol, 2.5 eq) in DMF. Then, Fmoc-Gly-OH (25 mmol, 2.5 eq) was attached to the H 2 N-Gly-ACC-resin using HOBt and DICI as coupling reagents (25 mmol, 2.5 eq). After glycine coupling, the Fmoc group was removed (20% piperidine in DMF), and the resin was washed with DCM and MeOH and dried over P 2 O 5 . Then, the dried resin was divided into 138 portions. To each portion of the H 2 N-Gly-Gly-ACC-resin, natural or unnatural amino acids were attached, and the 
Synthesis of the defined P2 library and individual substrates
The defined P2 library (Ac-Leu-Arg-P2-Gly-ACC, where P2 represents 128 natural and unnatural amino acids) and individual tetrapeptide fluorogenic substrates were synthesized on a solid support using the SPPS method as previously described [29, 31] . Each substrate was purified by HPLC and analyzed using analytical HPLC and HRMS. The purity of each compound was ≥ 95%. The P2 library and individual substrates were dissolved at 10 mM in DMSO and stored at -80°C until use.
Library and substrate screening
All screenings were performed using a spectrofluorometer (Molecular Devices 
Synthesis of Ub derivatives
Currently, different methods can be applied to obtain Ub and poly-Ub derivatives [6, [32] [33] [34] . We modified existing strategies to develop a new, versatile approach that enables the synthesis of Ub-based substrates and ABPs containing unnatural amino acids. We employed this method to synthesize four different Ub-ACC substrates and four corresponding N-terminally biotinylated ABPs with a Cterminal VME electrophile. Each substrate and probe was synthesized by applying a peptide hydrazide ligation strategy. Peptide hydrazide segments were synthesized by SPPS, purified by HPLC and assembled together in a stepwise manner. Then, we performed radical desulfurization and conjugated H 2 N-Gly-ACC to obtain Ub-ACC substrates or H 2 N-Gly-VME to obtain biotin-6-Ahx-Ub-VME ABPs. Herein, we present a general protocol for Ub derivative synthesis based on the example of Ub-ACC. We started the synthesis with Fmoc-hydrazide resin preparation based on a modified published method [35] . 2-CTC resin (0.97 mmol/g) was swelled for 20 min in fresh DCM and washed with 3x DCM. Fmoc-NH-NH 2 (4 eq) was dissolved in DMF:DCM (8/1, v/v) , and DIPEA (10 eq) was added. The mixture was added to the resin. The reaction was carried out at room temperature. After 1 h, DIPEA (5 eq) was added.
Fmoc-NH-NH 2 coupling was carried out for 4 h. The resin was washed with 3x DMF.
End-capping of residual active 2-CTC resin was performed for 30 min by adding a capping mixture (DMF/MeOH/DIPEA, 3.5/0.5/0.2, v/v/v washed with 7x DMF. The first amino acid (2.5 eq) was dissolved in DMF with coupling reagents (2.5 eq HATU and 2.5 eq 2,4,6-collidine). The amino acid was preactivated for 30 s and added to the resin. The mixture was gently agitated for 24 h. After coupling, the resin was washed with 3x DMF, and the Fmoc groups were removed as described previously. A solution of the next amino acid (2.5 eq) with HATU (2.5 eq) and 2,4,6-collidine (2.5 eq) in DMF was added to the resin. After 
DUB labeling in cell lysates
A-431 cells were cultured in DMEM supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin) in a humidified 5% CO 2 atmosphere at 37°C. Approximately 1 200 000 cells were harvested and washed three times with PBS. The cell pellet was lysed in buffer containing 20 mM Tris, 150 mM NaCl, and 5 mM DTT, pH 8.0, using a sonicator. The cell lysate was centrifuged for 10 min, and the supernatant was 
Results
DUB substrate specificity profile
To date, the substrate specificity profile of selected DUBs has been determined using only natural amino acids [18, 22] . It has been found that these enzymes can also recognize other amino acids at the P4-P2 positions, not only the DUBs recognize leucine and arginine at the P4 and P3 positions, respectively, we synthesized a defined library with a general structure of Ac-Leu-Arg-P2-Gly-ACC (where P2 is a natural or unnatural amino acid) to determine the substrate specificity profile of DUBs at the P2 position. To examine substrate preferences at the P4 and P3 positions, we designed and synthesized a hybrid combinatorial substrate library (HyCoSuL). This library consists of two sublibraries: Ac-P4-Mix-Gly-Gly-ACC and AcMix-P3-Gly-Gly-ACC (where P4 and P3 represent 19 natural and 119 unnatural amino acids, and Mix represents an equimolar mixture of natural amino acids). We incorporated glycine at the P1 and P2 positions because this amino acid is preferred by all DUBs in the S1 and S2 pockets. These two libraries can be used to determine the substrate specificity profile at the P4-P2 positions of all enzymes that display deubiquitinating activity.
P2 position. DUBs exhibited very narrow substrate specificity at the P2 position (Figure 2A , see full substrate specificity profile in the supplemental information, Figure S1 ). MERS PLpro recognized only glycine at this position. The S2 pocket of UCH-L3 could accommodate not only glycine as the best hit but also, to a lesser extent, some aliphatic amino acids, such as Ala (47%), Val (46.5%), Abu (33.5%), Nle (25%), 2-Aoc (24%), and Tle (15%), and large hydrophobic amino acids, such as Nle(OBzl) (38%), Glu(OBzl) (31%), and Bpa (25%).
P3 and P4 positions. UCH-L3 displayed a narrow substrate preference at the P3 position (Figure 2A, S1 ). Positively charged amino acids were preferred by the S3 pocket (Arg (100%), Phe(guan) (81%), and hArg (30%)). Hydrophobic residues were also recognized but with lower affinity (<30%, except Trp(Me) (41%) and Ile (36%)).
In contrast, MERS PLpro preferred hydrophobic amino acids at the P3 position over basic residues (Phg (100%), D-hPhe (60%), Cha (54%), Arg (47%), 2-Aoc (44%), hArg (42%), hTyr (42%), and Leu (38.5%); amino acid structures presented in Table   S2 supplemental information). The S4 pocket of UCH-L3 could accommodate hydrophobic amino acids (Cha (100%), Met (66.5%), hLeu (54%), 2-Nal (52.5%), Leu 
Kinetic analysis of tetrapeptide fluorogenic substrates
To select the optimal peptide sequence for MERS PLpro and UCH-L3, we analyzed substrate specificity preferences at the P4-P2 positions for each enzyme and selected amino acids that were both well recognized and selective toward the tested DUBs. For MERS PLpro, we chose Phg at the P3 position as the best recognized and most selective amino acid. At the P4 position, we selected Cys(MeBzl), Cys(4-MeOBzl) and Tle as the most promising candidates. The S2 pocket of UCH-L3 could accommodate some aliphatic amino acids; thus, we decided to incorporate Ala and Abu residues in substrate sequences. Although these amino acids were less well recognized than glycine, they can have a significant effect on substrate selectivity. At the P3 and P4 positions, we selected certain amino acids as the best hits (P3: Arg, Phe(guan); P4: D-Arg, Cha). After selection of the amino acids, we synthesized ACC-labeled substrates and determined the catalytic efficiency of the enzyme ( Figure 2B, C, D) . Most likely due to steric hindrance, Ac-Tle-Phg-Gly-Gly-ACC (M S27) was better hydrolyzed by MERS PLpro than the reference substrate (Ac-Leu-Arg-Gly-Gly-ACC). Ac-D-Arg-Phe(guan)-Ala-Gly-ACC (U S2) was 3 times better recognized by UCH-L3 than Ac-Leu-Arg-Gly-Gly-ACC. In the next step, we investigated substrate selectivity ( Figure 2E ). Kinetic analysis revealed that Ac-TlePhg-Gly-Gly-ACC was not recognized by UCH-L3, and Ac-D-Arg-Phe(guan)-Ala-Gly-ACC and Ac-Cha-Arg-Abu-Gly-ACC (U S1) were selective toward this protease. We selected these three peptide sequences for further analysis. 
Synthesis and kinetic analysis of fluorescent Ub derivative substrates
Since tetrapeptide fluorogenic substrates are not efficiently hydrolyzed by DUBs, even after incorporation of unnatural amino acids, the kinetic rates of the substrates were only 2-3 times higher compared to that of the reference Ac-LRGG-ACC substrate. Therefore, we decided to synthesize fluorescent Ub derivatives containing unnatural amino acids on the C-terminal tetrapeptidic epitope. To date, several chemical synthesis methods for Ub derivatives have been reported [6, [32] [33] [34] .
We applied these methods with several modifications for effective synthesis of Ubbased substrates and ABPs comprising unnatural building blocks. In the first step, we divided Ub into three peptide segments and synthesized them separately using
Fmoc-based SPPS of peptide hydrazides on 2-chlorotrityl chloride resin. This approach enables (1) efficient synthesis of each peptide segment with good isolated yields and purity; (2) incorporation of unnatural amino acids on the C-terminal Ub motif; and (3) modification of the N-terminus by introducing tags and linkers. In the next step, three peptide segments were assembled in a stepwise manner through NCL. Then, cysteine residues, which were introduced in the Ub sequence to enable NCL reactions, were converted to alanine using a free radical desulfurization reaction. In the last step, a fluorescent tag (ACC) with glycine was attached to the Ub[1-75]-NH-NH 2 C-terminus, and the final product was purified and analyzed by HPLC and HRMS (Figure 3) . Kinetic analysis of fluorescent Ub-based substrates revealed that by incorporation of unnatural amino acids in the Ub C-terminus, selective and active substrates for DUBs can be synthesized (Figure 2F, G) . The designed substrates were better hydrolyzed by MERS PLpro (M27-ACC) and UCH-L3 (U1-ACC and U2-ACC) than Ub-ACC, used as a reference substrate ( Table 1) . U2-ACC was not recognized by MERS PLpro. M-ACC was poorly hydrolyzed by UCH-L3 (almost 200 times weaker than Ub-ACC). 
Design of selective Ub-based probes
One of the main aims of this work was to design Ub-based probes for highly selective detection of the investigated DUBs. Thus, we converted our Ub-based substrates to probes by incorporating a detection tag on the N-terminus and an irreversible reactive group on the C-terminus. VME was applied as an electrophilic warhead due to its broad reactivity toward DUBs [11] . The biotin tag was separated from the peptide sequence by using a 6-aminohexanoic acid linker (6-Ahx). All Ubbased probes were synthesized using the same synthetic strategy as that used for the Ub-based substrates (Figure 3) . The kinetic analysis with recombinant enzymes revealed that B-U2-VME was a potent and selective probe for UCH-L3 ( Table 2) . B-M27-VME was selective toward MERS PLpro (a much higher probe concentration was needed to inhibit UCH-L3). Furthermore, this probe was more potent toward MERS PLpro than the control probe B-Ub-VME ( Table 2) . The results were generally consistent with the Ub-based substrate kinetic data; however, B-U2-VME was a more potent probe for UCH-L3 than B-U1-VME. 
Ub-probe, [nM] % enzyme inhibition ([E]=50 nM) UCH-L3 MERS PLpro
B-Ub-VME B-M27-VME B-U1-VME B-U2-VME B-Ub-VME B-M27-VME B-U1-VME B-U2-VME 
Detection of DUBs in cell lysates
To assess Ub-based probe selectivity, we incubated cell lysates with various probe concentrations. Since UCH-L3 is expressed in the A-431 cell line, we selected this cell line for DUB labeling experiments. Due to the lack of MERS PLpro expression in human cell lines, we added the recombinant enzyme to cell lysates during incubation with probes. These DUB assays in cell lysates with designed probes revealed that our probes (B-M27-VME, B-U1-VME and B-U2-VME) displayed high selectivity toward MERS PLpro and UCH-L3 compared to the reference probe that labeled many cellular DUBs (Figure 4A, B) . Labeling of UCH-L3 by our probes in A-431 cell lysate was confirmed by immunoblotting ( Figure 4C ). DUB labeling in cell lysates by B-Ub-VME and B-M27-VME (A) and B-U1-VME and B-U2-VME (B). (C) Detection of UCH-L3 in A-431 cell lysates using (1) Ub-based probes (using a streptavidin Alexa Fluor 647 conjugate) and (2) a UCH-L3 antibody. A-431 cell lysate was incubated with three different probe concentrations (100, 200 and 400 nM) for 30 min at 37°C.
β -Actin was used as a loading control. These broad-spectrum tools are valuable in DUB profiling assays. However, substrates and ABPs recognized by one or a narrow subset of DUBs would enable more precise examination of this group of enzymes. To date, Ub-based probe selectivity toward one or a narrow subset of DUBs has been achieved by (1) selecting various C-terminal reactive electrophilic groups [11, 41] ; (2) substrate (U2-ACC) was not hydrolyzed by MERS PLpro even at high concentrations. Furthermore, these substrates were more efficiently hydrolyzed by DUBs than Ub-ACC. Interestingly, U S1, an approximately 3-fold weaker UCH-L3 tetrapeptide substrate than U S2, after conversion to the U1-ACC Ub substrate, had an almost 1.5-fold higher kinetic efficiency constant than the U S2 analog U2-ACC.
Discussion and Conclusions
Nevertheless, both U1-ACC and U2-ACC displayed high selectivity toward UCH-L3
and exhibited kinetic parameters superior to those of Ub-ACC. Both of these features make these substrates very valuable alternatives to standard reagents used in studies of UCH-L3.
One of the most commonly used chemical tools in protease investigation is
ABPs. Therefore, we converted our Ub-based fluorogenic substrates to Ub-based probes by replacing the ACC fluorophore with the VME electrophilic group and attaching a biotin tag to the N-terminus. Cell lysate assays confirmed the dramatically high selectivity of these engineered Ub-based probes toward the investigated enzymes, especially when compared to the reference probe B-Ub-VME, which labeled many cellular DUBs. These results indicate that Ub-based selective chemical tools for DUBs can be obtained by introducing unnatural amino acids into the Cterminal Ub motif.
In summary, we demonstrated that our approach can be successfully applied in the design and synthesis of selective mono-Ub substrates and ABPs. Precise analysis of DUB binding pocket architecture using defined and combinatorial libraries with natural and unnatural amino acids allowed us to extract key residues that were introduced into the C-terminal motif of Ub and provided selectivity toward the investigated enzymes. Our findings expand the knowledge of DUBs, as well as the existing 'toolbox' of Ub-based biochemical tools to study this group of enzymes.
Moreover, the presented chemical approach may be beneficial for the development and F32GM100598 (M.B.) provided additional support for this work.
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